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Abstract The hydration behavior and strength perfor¬ 
mance of cement mixed with exploded wood fiber strand 
(WFS) obtained by the water-vapor explosion process have 
been studied previously. In the current study, the micro- 
structural characteristics of cement-exploded WFS inter¬ 
facial zone were examined using scanning electron 
microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDS). The Ca/Si ratios at the interfacial zones and 
the elemental compositions of hydration products depos¬ 
ited in the tracheid lumen were investigated. In addition, 
the morphological differences and compositional variations 
of hydration products that developed on the wood surfaces 
were examined. The results revealed that the Ca/Si ratios at 
the interfacial zones were strongly influenced by the mix¬ 
ture compositions, and that the elemental compositions of 
the hydration products that filled the tracheid lumen were 
significantly different from those of the cement paste in the 
mixtures. Differences in morphology and composition of 
hydration products at the wood surfaces were also observed 
to correspond to the different mixture compositions. These 
characteristics are considered to be directly related to the 
bond property, and thus, to the mechanical performance of 
WCM. 
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Introduction 

Wood-cement mixture (WCM) can be, as is well known, 
commercially used with its high acceptance for building 
purposes, because it possesses many advantages, which in¬ 
clude water, fire, decay, moisture, and weather resistance, 
low cost, and simple production processes, over conven¬ 
tional wood-based building materials. However, many pre¬ 
vious studies have pointed out that wood materials do not 
always react favorably with cement. The nature and quan¬ 
tity of wood components such as its water- or alkali- 
extractives, which are significantly different according to 
wood species or the treatment methods and conditions of 
the wood, critically affect the cement hydration, thereby 
inhibiting or entirely obstructing the formation of cement 
hydration products essential for strength development of 
WCM. The complex chemical and physical interactions 
caused by the some wood components, sometimes known as 
“cement poison,” that significantly influence the bond prop¬ 
erty between wood and cement are poorly understood at 
present . 15 

In consideration of the increasing environmental con¬ 
cerns about the disposal of wood wastes (forest waste and 
construction waste), a patent technology known as the 
water-vapor explosion process (WVEP) was developed at 
the Forestry and Forest Products Research Institute 
(FFPRI) as a new method for the recycling of wood wastes. 
By this treatment process, a wide variety of wood wastes 
can be rapidly defibered into exploded wood fiber strand 
(WFS), which has potential for further application . 6,7 

In order to explore the possibility of using exploded 
WFS as a potential raw material for WCM production, pre¬ 
vious investigations have been mainly focused on obtaining 
a comprehensive understanding of the essential hydration 
behavior of exploded WFS-cement mixture, and the im¬ 
provement in its compatibility and strength performance. 
Prior assessments gave an affirmative answer that exploded 
WFS could be used as an acceptable wood reinforcement 
material in WCM by means of addition with suitable addi¬ 
tive chemicals and contents, even though the excessive 
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water-soluble and low molecular weight degraded polysac¬ 
charides were found in its extractives. 8,9 

Many factors are associated with the mechanical perfor¬ 
mance of WCM. However, the nature and properties of the 
wood-cement interfacial zone are thought to be of primary 
significance and play an important role, even in the overall 
behavior of WCM. A strong bond between wood and ce¬ 
ment provides WCM with strength, whereas a weak bond 
results in WCM lacking strength. In fact, the improvement 
in mechanical performance of WCM is also largely attrib¬ 
uted to the enhancement of bond strength between wood 
and cement. In addition, WCM is significantly different 
from the reinforcement materials that are usually used in 
cement or concrete such as steel fiber and glass fiber. Wood 
material possesses its own peculiar properties such as poros¬ 
ity, absorptivity, as well as a large amount of active groups 
such as covalent hydroxyl and carboxylic groups which exist 
on its surface. 10 ” 14 Therefore, information obtained from the 
observation of interfacial phenomena between wood and 
cement is considered beneficial for a better understanding 
in improving the mechanical properties of WCM. 

In this study, in order to obtain information about the 
morphology, element distribution, and composition of hy¬ 
dration products at the wood-cement interfacial zone, 
which is influenced by various mixture compositions, scan¬ 
ning electron microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDS) analysis was used as an aid in 
observing the microstructure and identifying the elemental 
composition of samples. In addition, X-ray diffraction 
(XRD) analysis was performed in parallel, to identify the 
hydration products and unhydrated cement clinkers in the 
different mixtures. 

The main objectives of the current study were to: (1) 
investigate the Ca/Si ratios at the wood-cement interfacial 
zone in different mixtures, (2) make observations and com¬ 
parisons of elemental compositions of hydration products in 
the different microregions such as the tracheid lumen and 
cement paste, and (3) investigate the morphology and el¬ 
emental compositions of hydration products developed on 
the wood surfaces in the different mixtures. 


Materials and methods 

Materials 

Weathered wood waste removed from service: sugi wood 
(Cryptomeria japonica D. Don), collected at construction 
sites, was used in this study. The wood waste with dimen¬ 
sions of 900mm (L), 150mm (W), and 25mm (T) was ini¬ 
tially soaked in water until a moisture content (MC) of 
150%-200% was reached, and was then treated with the 
WVEP in a specially designed apparatus under the explo¬ 
sion conditions of temperature: 300°C, pressure: 2.5 MPa, 
and time: 4.0min. Owing to the sudden decompression and 
water-vapor expansion (known as explosion), the wood 
waste was destructured and separated into wood fiber 
strand (WFS) with the irregular dimensions of about 100- 
250 mm in length and 1-4 mm in diameter. ’ Unexploded 
wood waste with dimensions of 900mm (L), 150mm (W), 
and 25 mm (T) (sugi, water-soaked) was also used for com¬ 
parison with the exploded WFS. 

The commercial ordinary Portland cement (OPC) used 
in preparing WCM throughout this investigation was sup¬ 
plied by Taiheiyo Cement Co. Ltd. The chemical composi¬ 
tion (wt %) of the cement is summarized in Table 1. 
Magnesium chloride (MgCl 2 ) was chosen as a suitable accel¬ 
erator for cement hydration to enhance the compatibility 
between exploded WFS and cement based on the results 
described in earlier reports. 8,9 

Sample preparation of wood-cement mixture 

The exploded WFS and unexploded sugi wood were reduced 
to short fiber strand and wood strand (WS), respectively, 
with approximate dimensions of about 20 mm in length and 
2-3 mm in diameter. All samples were prepared in a mixture 
of cement (200g), wood (15g, based on oven-dry weight), 
chemical additive (8g), and distilled water (100ml). 

The hand-mixed sample was placed into a cylinder mold 
that was 8 cm in height, and 5.6 cm in diameter. After curing 


Table 1 . The main chemical composition of the ordinary Portland cement (OPC) employed in 
this study 



Composition 

OPC (wt %) 

Oxides 

Silicon dioxide 

Si0 2 

20.68 

Aluminum oxide 

ai 2 o 3 

5.06 

Ferric oxide 

Fe 2 0 3 

2.87 

Calcium oxide 

CaO 

64.64 

Magnesium oxide 

MgO 

1.19 

Sulphur oxide 

so 3 

2.03 

Sodium oxide 

Na z O 

0.33 

Potassium oxide 

k 2 o 

0.42 

Compounds 

Tricalcium silicate 

3CaO • Si0 2 (C 3 S) 

53 

Dicalcium silicate 

2CaO SiO, (C 2 S) 

21 

Tricalcium aluminate 

3CaO-Al 2 6 3 (C 3 A) 

9 

Tetracalcium aluminoferrite 

4CaO • A1 2 0 3 • Fe 2 0 3 (C 4 AF) 

9 
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for 24 h, the molded sample was carefully removed from the 
cylinder mold, and then cured for 28 days at ambient tem¬ 
perature of 20°-23°C. In addition, a sample of neat OPC 
was used as a reference corresponding to its mixture. Three 
replications of each sample were conducted in this study. 

Sample preparation for scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM-EDS) 
and X-ray diffraction (XRD) analyses 

Three mixtures with the different compositions: OPC + 
unexploded WS, OPC + exploded WFS, and OPC + ex¬ 
ploded WFS + MgCl 2 (4%) were prepared. The samples 
that were subjected to SEM-EDS and XRD analyses were 
taken from the fractured parts of the cured mixtures after 
crushing. To obtain a significant and distinct sample surface 
including the interface between wood and cement, the short 
exploded WFS and unexploded WS, were used directly in 
the mixtures. 

The fractured parts of the mixtures were initially treated 
with a subcarbonizing process using an oven under the 
treatment conditions of temperature: 200°C, time: 60 min, 
gas flow: nitrogen. Because the wood tissue contained in the 
mixture became weak and brittle after treatment, the frac¬ 
tured parts could be easily broken to obtain a sample with a 
smooth and flat observation surface suitable for SEM-EDS 
analysis. In addition, to observe the morphological features 
of hydration products formed at the interface after the re¬ 
moval of wood tissue, an attempt was to treat the fractured 
parts of the mixture with a temperature of 800°C for 30 min. 
Using photoglue (polyvinyl acetate), the treated sample was 
mounted on one end of a piece of copper tape, and the other 
end of the tape was adhered to a SEM sample stub. The 
orientation and angle of the sample surface for observation 
could be adjusted by bending the copper tape. A conductive 
paint was applied from the sample to the stub to ensure 
good electrical contact, and then the sample was dried in a 
low-temperature (50°C) oven for 4h to allow glue harden¬ 
ing. Finally, the sample was coated with Pt-Pd (80:20) in an 
ion-sputter coater (Jeol JFC-1100) prior to SEM-EDS 
analysis. 14,15 

The microstructural characteristics of the wood-cement 
interfacial zone influenced by the different mixture compo¬ 
sitions were examined with a Jeol JSM-840 SEM coupled 
with a Jeol JED-2110 EDS analyzer. The SEM observation 
was conducted at an accelerating voltage of 5 keV, and EDS 
analysis at an accelerating voltage of 20keV for spectrum 
analysis and element mapping. In addition, to identify the 
different hydration products, powder XRD analysis was 
performed in parallel, using Cu-Ka radiation (35 kV and 
30 mA) on a Jeol JDX-8200 X-ray diffractometer. The 
XRD scanning was run with 20 ranged between 10° and 60° 
in steps of 0.02°. 

Calculation and data analysis 

The data collected using EDS spectrum analysis, were ex¬ 
pressed as mean ± standard deviation (SD). A multiple 


comparison among sample population means was per¬ 
formed using the analysis of variance (ANOVA) to deter¬ 
mine whether significant differences existed between 
sample population means at a 5% significance level. An 
associated probability (P-value) less than 5% was consid¬ 
ered significant. 16 


Results and discussion 

Observation and comparison of Ca/Si ratio at the 
interfacial zone of WCM with different compositions 

The microstructural characteristics of the interfacial zone 
between wood and cement are considered to play an impor¬ 
tant role in obtaining good wood-cement adhesion, because 
they are directly associated with the wood-cement bond 
quality, and thus influence the mechanical properties and 
the durability of WCM. 

In an earlier study, to understand the correlations be¬ 
tween the hydration characteristics and mechanical perfor¬ 
mance, compression strength tests were conducted in 
parallel to hydration tests of exploded WFS-cement mix¬ 
tures of different compositions. As a supplementary test, a 
primary analysis of element distributions at the wood- 
cement interfacial zone of different mixtures was per¬ 
formed using SEM-EDS analysis. The results indicated that 
the distributions of Ca and Si at the wood-cement interfa¬ 
cial zone were significantly different from those in the other 
parts of the mixture, and were noticeably influenced by the 
mixture compositions. In the case of the mixtures with 
unexploded WS present, or exploded WFS added with 
MgCl 2 (4%), the increase in the concentrations of Ca and Si 
toward the wood surface was detected at the wood-cement 
interface. However, similar increases in concentrations of 
these elements were not found in the mixture with exploded 
WFS added alone. 9 

The SEM micrographs of Fig. 1 show the general appear¬ 
ances of the wood-cement interfacial zones from the frac¬ 
tured surfaces of three mixtures: OPC + unexploded WS, 
OPC + exploded WFS, and OPC + exploded WFS + 
MgCl 2 (4%). Figure 2 shows the distribution profiles of Ca/ 
Si ratios, based on EDS spectrum analysis, in the cement 
paste as a function of the distance from the wood-cement 
interfaces (shown in Fig. 1). Relatively high Ca/Si ratios 
were found at the interface in the mixtures with unexploded 
WS or exploded WFS with added MgCl 2 (4%). The increase 
in Ca/Si ratios of these mixtures was detected in their ce¬ 
ment pastes at distances of 0-40//m from the interface. For 
the mixtures with unexploded WS or exploded WFS with 
MgCl 2 , the Ca/Si ratios reached maximum values of about 
4.9 and 4.7, respectively. However, an approximately un¬ 
changed Ca/Si ratio of about 3.5 was observed throughout 
the cement paste for the mixture containing only exploded 
WFS. This result showed that although it was consistent 
with results obtained in a previous study 9 which showed that 
the higher concentrations of Ca and Si were observed at the 
wood surface, the extent of increases in concentrations of 
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Fig. 1A-C. Scanning electron microscopy (SEM) micrographs of the 
microregions including wood-cement interfaces from the mixtures 
with different compositions. A Ordinary Portland cement (OPC) + 
unexploded wood strand (WS), B OPC + exploded wood fiber strand 
(WFS), C OPC + exploded WFS + MgCl 2 (4%). The fractured sur¬ 
faces of the mixtures were treated with a subcarbonizing process for 
SEM-EDS analysis. Bars 10^m 


Ca and Si were significantly different. The increase in con¬ 
centration of Ca was noticeably higher than that of Si, and 
this is attributed to the fact that Ca 2+ ion has a higher 
mobility than Si 4+ ion in cement solution. This would result 
in the different Ca/Si ratios at the wood-cement interface. 
In addition, the results obtained in this study imply that 



Fig. 2. Ca/Si ratio of cement paste as a function of the distance from 
wood-cement interface for the mixtures with different compositions. 
Open circles , OPC + unexploded WS; closed circles , OPC + exploded 
WFS; squares , OPC + exploded WFS + MgCl 2 (4%) 


there was a gradient increase and accumulation of hydra¬ 
tion products such as calcium hydroxide (CH) crystals and 
calcium silicate hydrates (CSH) close to the wood-cement 
interfaces, corresponding to an uninhibited or an acceler¬ 
ated wood-cement mixture, these hydration products lead 
to the formation of the relatively high bond strengths be¬ 
tween wood and cement. The different Ca/Si ratios at the 
interfaces were considered as being an indicator of the de¬ 
velopment (retarded or accelerated) of cement hydration 
reactions corresponding to the different mixture composi¬ 
tions. The results were also consistent with those obtained 
in both hydration behavior tests and compression strength 
tests of the mixtures in an earlier study. 8,9 

The increase in concentrations of Ca and Si at the wood- 
cement interfacial zone was more directly observed by EDS 
elemental dot maps. With a color scale, different colors 
were assigned for each concentration level of the elements 
mapped. For example, Fig. 3A,B shows typical images as 
acquired with Ca and Si dot maps, which were detected 
from a fractured surface including the exploded WFS- 
cement interface with added MgCl 2 (4%), shown in Fig. 1C. 
In the microregion close to the interface, concentrations of 
Ca and Si were higher than those in the rest of the cement 
paste. 

In several previous investigations that dealt with the in¬ 
terfacial characteristics of cement mixtures reinforced with 
steel fiber or glass fiber, a three-phase model: fiber, interfa¬ 
cial zone, and cement paste was suggested to describe the 
microstructure of the mixture. The interfacial zone between 
cement and reinforcement materials was known to be the 
weakest zone relating to the strength performance due to its 
porosity. “ However this model was, seemingly, not able 
to explain the microstructure in the wood-cement interfa- 
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Fig. 3. Energy dispersive X-ray spectroscopy (EDS) dot maps of A Ca 
and B Si at the wood-cement interfacial zone of OPC + exploded WFS 
+ MgCl 2 (4%). Bars 50^m 


cial zone. Unlike the reinforcement materials mentioned 
above which possess almost impenetrable surfaces when 
faced to cement paste, wood exhibits water absorptivity due 
to its porous and penetrable surface structure as well as its 
chemical composition. 

The bond between wood and cement is physical or 
chemical in nature, or a combination of both. Some previ¬ 
ous studies suggested that the mechanical interlocking 
(sometimes known as anchorage) which was brought about 
by the various crystals and hydration products developed on 
the wood surface during the cement hydration, play a sig¬ 
nificant role in the formation of bonding between wood and 
cement. 20 22 At the initial stage of cement hydration, large 
amount of ions such as Ca 2+ and Si 4+ in cement clinker will 



Fig. 4. SEM micrograph of tracheid lumen filled with hydration prod¬ 
ucts near the wood-cement interface of OPC + exploded WFS + 
MgCl 2 (4%). M, hydration products in filled tracheid lumen; N , cement 
paste. Bar 10 /urn 


rapidly be dissolved into the cement solution. In fact, it 
should be emphasized that there is an ion diffusion process 
that occurs at the wood-cement interfacial zone, and thus 
when accompanied with solution flow, these ions move to 
the wood surface. Some ions will unavoidably permeate 
into the cell wall due to the existence of high concentration 
gradients of the ions at the penetrable wood surface. Thus, 
it is possible that the existence of these permeated ions in 
the cell wall results in mineralization of the cell wall, which 
promotes the affinity of the wood surface to cement. This 
mechanism may also contribute to the formation of inter¬ 
locking between wood and cement by means of hydration 
products in addition to intermolecular forces. 23 25 


Observation and comparison of elemental composition of 
hydration products deposited in tracheid lumen near the 
interface between wood and cement 

Due to the ion diffusion process in cement solution which 
results in the migration of hydration products, it was usually 
observed that some hydration products were deposited in 
the tracheid lumen. These frequently formed cylindrical 
crystallized bodies near the interface between wood and 
cement (for example, see Fig. 4). To determine the elemen¬ 
tal compositions of these hydration products in comparison 
with those in cement paste, EDS spectrum analysis was 
performed within the two microregions (M and N). The 
areas of interest are outlined by the circles located over the 
tracheid lumen and cement paste, as illustrated in Fig. 4. To 
determine the relatively steady elemental distributions in 
the cement paste (Fig. 2), micro region N was selected at a 
distance of more than 50/rni from the wood-cement inter¬ 
face. The results of spectral analysis (as shown in Fig. 5) 
indicated that the elemental compositions of hydration 
products in the tracheid lumen and in cement paste were 
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Fig. 5. EDS spectral profiles of hydration products filled in the A 
tracheid lumen (M) and B cement paste ( N ) as shown in Fig. 4 

significantly different. In particular, higher amounts of Ca 
and smaller amounts of Si were found in tracheid lumen 
compared with those in cement paste. Spectral analysis 
were also conducted for the mixtures of different composi¬ 
tions. The elemental distributions (wt %) of Al, Fe, Mg, Ca, 
Si, and Ca/Si ratio mainly detected in both tracheid lumen 
and cement paste are summarized in Table 2. The results 
revealed that no significant differences in elemental com¬ 
positions were found among the cement pastes of the three 
mixtures, and in neat hydrated OPC as well. However, com¬ 


pared with cement paste, the elemental compositions of 
hydration products deposited in the tracheid lumen were 
statistically different. Very small amounts of Al, Fe, Mg, 
and Si were detected, and thus the hydration products in the 
tracheid lumen showed much higher Ca/Si ratios. These 
results implied that more CH crystals existed in the tracheid 
lumen. Moreover, the Ca/Si ratio of hydration products in 
the tracheid lumen was noticeably influenced by the mix¬ 
ture compositions. In particular, with the presence of ex¬ 
ploded WFS in the mixture without added chemical 
additive, it was difficult to detect the existence of elements 
such as Al, Fe, and Mg. Due to the very low amount of Si, 
the highest Ca/Si ratio of the study (125.3) was observed. 
This phenomenon was not only attributed to the low 
mobility of the Si 4+ ion, but also due to the presence of 
excess degraded polysaccharides in the extractives of ex¬ 
ploded WFS. Thus, cement hydration in the mixture was 
severely inhibited, and even stopped at the initial stage, 
resulting in fewer Si 4+ and other ions released into the 
cement solution. 


Observation and comparison of morphological features 
and elemental compositions of hydration products 
developed on the surface of exploded WFS 

The bond strength at the interface between wood and 
cement is considered to be critically influenced by the 
microstructure and morphology of hydration products that 
develop on the wood surface. However, the morphology of 
hydration products is highly sensitive to the mixture compo¬ 
sition. A retarded cement hydration will lead to poor mor¬ 
phology of the hydration products, resulting in low bond 
strength, and consequently low mechanical performance of 
WCM. 

Figure 6 shows the SEM micrographs obtained from 
observations of the fractured surfaces of exploded WFS- 
cement mixtures with and without added MgCl 2 (4%). As 
shown in the micrographs, differences in the microstructure 
and morphology of hydration products deposited on the 
surfaces of exploded WFS were evident. In Fig. 6A, apart 
from some small hexagonal plates of CH crystals, the con¬ 
ventionally due to the retarding effects of exploded WFS, 
observed morphology of typical hydration products such as 
CSH were not observed. However, the exploded WFS sur¬ 
face was covered with many unhydrated cement grains and 
short rod-like crystals. Thus, this loose and discontinuous 
microstructure adhering to the exploded WFS surface, 
seemingly, does not provide any contribution to strength 
development of the mixture. However, in the case of the 
mixture enhanced with added MgCl 2 (4%), as shown in Fig. 
6B, there was a noticeable difference in the morphological 
features on the surface of exploded WFS in comparison to 
Fig. 6A. A network-like structure, which was attributed to 
the hydration product of CSH (CaO • Si0 2 • H 2 0) in the 
honeycomb-like form of CSH (type II), adhered tightly to 
the exploded WFS surface. 26 This microstructure was be¬ 
lieved to be beneficial for the formation of interlockings 
(anchorage) on the porous wood surface, which resulted in 
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Table 2. Energy dispersive X-ray spectroscopy (EDS) analysis of elemental compositions as detected at different microregions from the fractured 
surfaces of wood-cement mixtures 


Mixture compositions 


Chemical elements (wt %) 


A1 Fe Mg Ca Si Ca/Si 


Cement paste 
OPC 

OPC + unexploded WS 

OPC + exploded WFS 

OPC + exploded WFS + MgCl 2 (4%) 

Tracheid lumen 
OPC 

OPC + unexploded WS 

OPC + exploded WFS 

OPC + exploded WFS + MgCl 2 (4%) 


l.T (0.7) 

1.2 (0.0) 

0.4 (0.1) 

1.1 (0.1) 

1.1 (0.1) 

0.5 (0.1) 

1.5 (0.4) 

1.2 (0.4) 

0.4 (0.3) 

1.4 (0.3) 

1.0 (0.2) 

1.2 (0.3) 

0.1 (0.1) 

0.2 (0.1) 

0.0 (0.0) 

0.0 (0.0) 

0.1 (0.1) 

0.0 (0.0) 

0.1 (0.1) 

0.3 (0.1) 

0.6 (0.3) 


31.6 (6.8) 

7.2 (0.2) 

4.4 (0.9) 

28.5 (5.0) 

6.2 (0.9) 

4.6 (0.8) 

33.4 (3.4) 

6.7 (1.4) 

5.0 (1.1) 

33.0 (2.9) 

6.9 (1.0) 

4.8 (1.2) 

35.8 (5.1) 

1.3 (0.3) 

27.5 (7.0)* * ** 

25.1 (4.2) 

0.2 (0.1) 

125.3 (20.8) 

20.0 (6.2) 

1.1 (0.5) 

18.2 (6.1)* 


OPC, ordinary Portland cement; WS, wood strand; WFS, wood fiber strand 

* Means are significantly different at the 5 % significance level 

** Means are significantly different at the 1% significance level (based on the variance test analysis) 

a Each value is the average of 6 replications 

h Data included in parentheses are standard deviation (SD) 



Fig. 6A,B. SEM micrographs of the hydration products on the surfaces 
of exploded WFS in different mixtures. A OPC + exploded WFS, B 
OPC + exploded WFS + MgCl 2 (4%). Bars Ifim 


the development of bond strength between the exploded 
WFS and cement. 

In order to identify the elemental composition of hydra¬ 
tion products that developed on the exploded WFS surfaces 
in the different mixtures, EDS spectral analysis was con¬ 
ducted over the microregions outlined by the squares shown 
in Fig. 6A,B. The results of spectral analysis are presented 
in Fig. 7. The two spectrum profiles demonstrated different 
patterns depending on the elemental compositions and 
distributions of hydration products deposited on the ex¬ 
ploded WFS surfaces. Figure 7A shows an elemental spec¬ 
trum in which relatively high amounts of S and Al, as well 
as Ca, were detected. Thus, the hydration products were 
quite consistent with the presence of ettringite (sometimes 
abbreviated to AFt, 3CaO* Al 2 0 3 *3CaS0 4 *32H 2 0), pre¬ 
sumably formed at a very early hydration stage. As shown 
in Fig. 7B, a completely different spectrum profile of hydra¬ 
tion products was obtained for the exploded WFS surface in 
the mixture with added MgCl 2 , in which only high amounts 
of Ca and Si were detected. Essentially, a large portion of 
the hydration products contained in a well-hydrated OPC 
were CSH and CH crystals, or their complexes from hydra¬ 
tion of C 3 S(3CaO • Si0 2 ) and C 2 S(2CaO • Si0 2 ) to develop a 
rigid microstructural network. Thus, these microstructures 
were thought to consist of CSH hydration products, or par¬ 
tially, CH crystals. 

In addition, an attempt was made to treat the fractured 
surface of exploded WFS-cement mixtures at high tem¬ 
perature to obtain a surface of cement paste adjacent to the 
interface after removal of the wood. As presented in Fig. 
8, a surface of cement paste with high porosity was clearly 
exposed. This porosity was attributed to the fact that a 
high Ca/Si ratio at the interface induced high amounts of 
CSH hydration products and CH crystals. Previous investi¬ 
gations have indicated that this porous microstructure of 
hydration products exists in the interfacial zone and plays 
an important role in determining the durability of the 
mixture. 11,17 
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Fig. 7A,B. EDS spectral profiles of the hydration products on the 
surfaces of exploded WFS in different mixtures. A OPC + exploded 
WFS, B OPC + exploded WFS + MgCl 2 (4%) 


Under close observation, a large amount of disk-shaped 
hydration products were found on the surface of the cement 
paste (as illustrated by arrowheads in Fig. 8), This material 
was formed in the bordered pit chambers on the longitudi¬ 
nal tracheid wall during the initial stage of cement hydra¬ 
tion when the cement solution has a high fluidity. It is 
considered that this disk-shaped microstructure of hydra- 



Fig. 8. SEM micrograph of the surface of cement paste after the re¬ 
moval of wood showing disc-shaped hydration products (arrowheads). 
The mixture of OPC + exploded WFS + MgCl 2 (4%) was treated at 
high temperature to remove wood from the fractured surface of the 
mixture. Bar 10/rni 

tion products could provide a supplementary mechanical 
bond between exploded WFS and cement. 

X-ray diffraction 

In order to obtain more information about cement hydra¬ 
tion in the mixtures with different compositions, X-ray 
diffraction (XRD) analysis was conducted on the three mix¬ 
tures: OPC + unexploded WS (C), OPC + exploded WFS 

(D) , and OPC + exploded WFS with MgCl 2 (4%) 

(E) . Furthermore, the unhydrated neat OPC (A) and hy¬ 
drated neat OPC (B) were used as reference materials. 
Samples B-E were cured for 28 days prior to analysis. The 
XRD spectral profiles of samples A-E are illustrated in 
Fig. 9. 

In these spectral profiles, the main peaks were assigned 
to the unhydrated cement clinkers of C 3 S (3Ca0-Si0 2 ) 
and C 2 S (2CaO • Si0 2 ), located at d( A) = 3.022,2.776,2.764, 
2.602, 2.185, 1.771, and 1.632 (20 = 29.2°, 32.3°, 32.7°, 
34.5°, 41.1°, 51.1°, and 56.4°), and the major hydration 
product of CH located at d( A) = 4.900 (20 = 17.8°). These 
peaks were used to evaluate the influences of the different 
mixture compositions on cement hydration in this study. 
The peaks denoted by C 3 S/C 2 S at 20 = 32.3°, 32.7°, 

and 56.4°, in Fig. 9 are the overlapped peaks of C 3 S and 

^ 26-28 

It was clearly evident that in the mixture of OPC + 
exploded WFS (sample D), no peak corresponding to the 
CH crystal at 20 = 17.8° was observed. However, the peaks 
at 20 = 29.2°, 32.3°, 32.7°, 34.5°, 41.1°, 51.1°, and 56.4°, 
which represent the unhydrated cement clinkers, showed 
strong intensities and no significant differences in pattern in 
comparison with the unhydrated neat OPC (sample A). 
Therefore, these findings indicated that cement hydration 
was completely inhibited, due to the presence of degraded 
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Fig. 9. Comparison of X-ray diffraction (XRD) spectra of mixtures 
with the different compositions. Sample A, unhydrated neat OPC; 
sample B, hydrated neat OPC; sample C, OPC + unexploded WS; 
sample D , OPC + exploded WFS; sample E, OPC + exploded WFS + 
MgCl 2 (4%); CH, Ca(OH) 2 ; C 3 S , 3Ca0 Si0 2 ; C 2 S , 2Ca0Si0 2 

polysaccharides from exploded WFS. It was also observed 
that in comparison with the mixtures of unexploded WS 
(sample C), high-temperature and high-pressure treatment 
by WVEP revealed a significant negative effect on mixtures 
of exploded WFS and OPC. 

However, with addition of MgCl 2 (4%), the compatibil¬ 
ity between the exploded WFS and OPC (sample E) was 
greatly enhanced. A noticeable improvement in cement 
hydration was observed with the presence of the peak cor¬ 
responding to the CH crystal at 26 = 17.8°, and the de¬ 
creased, or absent peaks corresponding to unhydrated 
cement clinker at 20 = 29.2°, 32.3°, 32.7°, 34.5°, 41.1°, 51.1°, 
and 56.4°. This mixture demonstrated a similar XRD pat¬ 
tern in comparison with the hydrated neat OPC (sample B), 
although an observable difference was that the intensity of 
the CH peak appeared slightly lower than that in the spec¬ 
trum of hydrated neat OPC. The results obtained in XRD 
analysis were consistent with the results described in SEM- 
EDS analysis above. 


Conclusions 

Based on the combination of SEM observations and EDS 
analysis, the results obtained in this study are considered to 
agree well with the previous results that dealt with the 
evaluations of hydration behaviors and strength perfor¬ 
mances of exploded WFS-cement mixture. The following 
conclusions are made: 

1. The Ca/Si ratio at the interface between wood and ce¬ 
ment was significantly influenced by mixture composi¬ 
tions. The elevated Ca/Si ratio that was higher than that 
in the bulk of the cement paste was detected at the 
interface of mixtures with unexploded WS or exploded 
WFS with added MgCl 2 (4%). The local increase of Ca/ 
Si ratios at interfaces implied that the interface zones 
accumulated more hydration products such as CH crys¬ 
tals, which were beneficial to the formation of interlock¬ 
ing between wood and cement, and resulted in better 
bond strength and higher mechanical strength. 

2. EDS spectral analysis of elemental composition, per¬ 
formed both at the tracheid lumen and in the cement 
paste, revealed that the hydration products deposited in 
the tracheid lumen close to the wood-cement interface 
were detected with much higher Ca/Si ratios compared 
with those in cement paste. It indicated a higher accumu¬ 
lation of CH crystals in the tracheid lumen, probably due 
to the existence of the increased concentration gradient 
of Ca ion at the interface. 

3. SEM-EDS analysis of the hydration products that devel¬ 
oped on the exploded WFS surfaces showed that there 
were clear differences in their morphological features 
and elemental compositions, which directly affect the 
bond strength between exploded WFS and cement as 
well as the mechanical strength of mixtures. 

4. XRD analysis showed that the mixture with added ex¬ 
ploded WFS demonstrated a spectral profile similar to 
that of unhydrated neat OPC, and no peaks for CH 
crystals were found. With the addition of MgCl 2 , the 
exploded WFS-cement mixture showed a spectral pro¬ 
file with CH peaks and decreased peaks corresponding 
to the unhydrated cement clinker. 
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